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We theoretically examine the effect of external optical injection on the spatio-temporal dynamics of class-B 
broad-area lasers. We demonstrate that optical injection can efficiently stabilize the intrinsic transverse 
instabilities in such lasers associated with both the boundaries of the pumping area and with the bulk 
nonlinearities of the active medium. Stabilizing action of optical injection is shown to be closely related to the 
suppression of inherent relaxation oscillations behavior.  
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1. INTRODUCTION 
Development of ultra-compact light sources with stabilized 
parameters is in great demand in modern optics and gains 
considerable technological importance. These devices can be 
useful in different applications such as data processing and 
optical transmission systems. Compact laser sizes also allow to 
easily achieve single-frequency operation and fast response 
time due to short cavity length. However, small cavity length 
results in sufficiently low output power what constraints laser 
applicability to only short-range optical data transmission. The 
most natural way to circumvent this limitation and to increase 
the output power without rejection of all advantages of short-
cavity configuration is the usage of the broad-area lasers with 
wide transverse section. This approach is relevant in particular 
for microchip solid-state lasers or vertical-cavity surface-
emitting semiconductor lasers. The price for the corresponding 
benefit is the deterioration of characteristics of the emitted 
beam due to arising competition between transverse spatial 
modes that can be important for even small-area lasers [1] and 
plays ever increasing role as long as the number of excited 
modes grows. 
Transverse laser instabilities are responsible for filamentary 
dynamics in the cross-section of the emitted beam leading to 
sufficient reduction of its spatial and temporal coherence. 
Though in some applications like projection systems low spatial 
coherence of laser emission may be even extremely desirable as 
it allows reducing the speckle contrast [2], usually these complex 
regimes are assumed to be a harmful effect. Therefore for 
practical reasons it is highly desirable to suppress these spatio-
temporal instabilities. 
The complex spatio-temporal dynamics owing to arising 
transverse instabilities in free-running broad-area lasers was 
well established in a row of experimental studies [3,4]. 
Filamentary dynamics usually originates from intrinsic self-
focusing nonlinearity conditioned with either strong phase-
amplitude coupling typical for semiconductor active mediums 
[5,6] or with Kerr-type material nonlinearity [7]. 
However, even in the absence of these specific self-focusing 
mechanisms filamentary instabilities can arise. This may be 
provided due to either the bulk medium instabilities [8-10] or 
the effects on the edges of the pumping profile [10-14]. In the 
former case stabilization of the lasing profile was observed for 
some specific laser parameters in [15] by limiting the transverse 
extension of pumping to be about the scale of the unstable field 
components so that these unstable modes could not develop. The 
influence of the boundaries of the pumping region was found to 
be suppressed in the case of strongly inhomogeneous 
broadening of the gain profile of the active medium [16-18]. 
The case of the lasers of class-B dynamical limit is of special 
interest, meaning the coherence relaxation in the active laser 
medium is very fast and the population inversion relaxation is 
very slow as compared to the photon decay rate in the cavity. 
This class of lasers is of greatest importance for application, as it 
includes most of the high-demand laser types (solid-state, 
semiconductors). Class-B lasers exhibit especially complex 
spatio-temporal dynamics associated with the competition of 
either longitudinal modes [19-21] or transverse modes in small-
area lasers [22-25]. It was also found that in broad-area class-B 
lasers filamentary instabilities become especially well-
pronounced. Specifically, class-B broad-area lasers were shown 
to exhibit two main types of intrinsic transverse instability 
mechanisms leading to the filamentary dynamics of the laser 
output [10]. Firstly, the homogeneous output profile turns to be 
intrinsically unstable in class-B limit due to the bulk instability 
even in the absence of the phase-amplitude coupling in the 
active medium and independently from the boundary conditions. 
Secondly, high sensitivity to the boundaries of the pumping 
region was found for the commonly used top-hat-like profile 
leading to boundaries-induced filamentary dynamics. The 
harmful action of these effects encourages finding effective 
approaches for the suppression of the transverse filamentary 
instabilities. 
Recently a new method for the suppression of self-focusing 
instability in semiconductor amplifiers and lasers was 
elaborated that is based on the spatially periodic modulation of 
the pump profile in both longitudinal and transverse directions 
[26-29]. This stabilizing effect was found to take place in both 
the linear stage of the amplification and in the nonlinear regime 
when the modulation instability arises. Later a similar method 
was examined for vertical-cavity semiconductor lasers with the 
spatio-temporal modulation of the pumping profile both in time 
and in two transverse spatial dimensions [30,31]. This 
stabilization method was shown to operate most efficiently in 
class-A laser limit (for relatively long VECSEL resonators), while 
it becomes ineffective in class-B laser limit (for relatively short 
resonators). In paper [32] another alternative approach was 
proposed that relies on the use of the specially designed 
intracavity photonic crystals introducing the refractive index 
modulation in both the longitudinal and the transverse 
dimensions. A substantial improvement of the spatial quality of 
the output beam emitted by microchip laser was then obtained 
due to the spatial filtering functionality of intracavity photonic 
crystals. 
In this paper we study the influence of external optical 
injection on the spatio-temporal dynamics of class-B broad-area 
laser. Injection of the external optical signal is the well-known 
method to enrich the laser dynamics allowing formation of the 
cavity solitons under bistability conditions [33,34] or even more 
complex regimes [35]. Besides that, optical injection is also the 
well-established way to stabilize the parameters of lasers 
emission. In particular, it has been demonstrated experimentally 
and theoretically that locking the slave laser to the master one 
allows to reduce the noise-induced spectral broadening and 
stabilize the pulse waveform and leads to reduction of the timing 
jitter in mode-locked semiconductor lasers [36-40]. Strong 
optical injection was also found to overcome the self-focusing 
action owing to the gain-index coupling and suppress 
filamentation in broad-area semiconductor lasers [41]. The 
effect of the external injection on the intrinsic class-B 
filamentary instabilities does not seem to have been studied until 
now. We show in this paper that weak coherent injection can act 
as an efficient way to completely eliminate these transverse 
instabilities in class-B broad-area lasers. 
The paper is organized as follows. In Section 2 we present the 
theoretical model of an optically-injected broad-area laser used 
in our analysis. In Section 3 we describe the stabilizing impact of 
the optical injection on the boundaries-induced filamentation 
onset together with the corresponding transient dynamics. 
Section 4 is devoted to the bulk transverse instabilities in class-B 
broad-area lasers. We performed the stability analysis of the 
stationary lasing state and found out that unstable perturbation 
modes occurring in the free-running laser would be suppressed 
when laser is submitted to optical injection. Finally, a conclusion 
is presented. Additionally, derivation of the analytical results is 
given in the Appendix. 
2. THEORETICAL MODEL 
Our analysis is based on Maxwell-Bloch equations for broad-area 
optically-injected laser with homogeneously broadened two-
level media inside Fabry-Perot cavity and in the mean-field 
approximation [42] (schematic representation is provided by 
Fig. 1): 
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where E, P, D stand for the dimensionless envelopes of the 
intracavity electric field, active media polarization and population 
inversion, respectively; 
 , ||  and   are the coherence 
relaxation rate, population inversion relaxation rate and electric 
field decay rate, respectively. It is convenient to rescale time in 
the system (1) to the coherence lifetime 1  with introducing 
the timescales ratios 
  /||  and   / . In presented 
notation, the class-B laser condition is given as: 1  . 
 
Fig. 1. Schematic representation of an optically-injected broad-
area laser. 
Spatial coupling in the system (1) is provided by the light 
diffraction which is taken into account through the Laplacian 
term in the field equation. We suppose the transverse spatial 
coordinates x and y normalized to the characteristic transverse 
spatial scale of the laser d; normalized diffraction coefficient is 
then given as  2cav2 2 dnnca phgr  , where nph and ngr are 
the phase and group refractive indexes of the host medium. 
Parameter ),( yxr  represents the pumping rate normalized 
versus its threshold value.    k  /cav21  is the 
rescaled detuning between the optical transition frequency ω21 
and the cavity resonant frequency ωcav. External injection is 
characterized by two parameters: Einj denotes the injection 
strength and θ corresponds to the frequency mismatch for the 
injected emission. The injection coupling coefficient is 
proportional to the cavity mirror transmittance and is thus of 
the same order of magnitude as the cavity decay rate; without 
loss of generality we consider them to be equal. 
The model of two-level active medium is the relevant one to 
describe correctly the light-matter interaction when taking into 
account only a single optical resonance with the homogeneously 
broadened line. This is reasonably justified for the case of the 
interaction through a separate and well resolved optical 
transition, especially in the mediums having atomic-like energy-
level structure. Such approximation is usually efficient for 
modeling of the rare-earth active ions in solid-state gain medium 
or the radiative transitions in molecular and atomic gas lasers. 
Also, it can be expected to be applicable for low-dimensional 
semiconductor structures, like quantum dots and dashes, 
because of their anticipated symmetric shape of the gain 
spectrum should result in a very weak phase–amplitude 
coupling. We neglect also the diffusion spatial coupling in the 
active medium as this process in aforementioned materials is 
either negligible (doped crystals) or strongly reduced due to 
carrier confinement (quantum dots and dashes) and thus mostly 
very slow being compared with the diffraction. 
In broad-area lasers the pumping is naturally provided over 
the large area in the transverse section. The spatial profile of the 
pumping rate is therefore commonly reasoned to be slowly 
varying over the whole area where the population inversion is 
maintained. For this purpose top-hat profiles are widely used 
that are close to uniform in the central part and slowly decrease 
towards the profile edges. To model the finite-size pumping area 
with smoothed top-hat-like cross section we take here the 
Fermi-Dirac-type profile in the form:  
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Negative values of the pumping outside the central core 
describe noninversed absorbing medium in the unpumped 
regions. Parameters L and D in (2) describe, respectively, the 
effective width of pumping region and the profile slope near the 
edges. Varying these parameters allows to control the profile 
shape in the wide limits and thus the onset conditions of the 
transverse instabilities. Under external injection it may be 
expected that the pumping shape would be of great importance.  
Class-B lasers are known to exhibit extremely unstable spatio-
temporal behavior resulting in filamentary operation even in the 
absence of the gain-index coupling or other explicit self-focusing 
nonlinearity. Specifically, with widely used top-hat pumping 
profile output emission turns to be intrinsically driven to the 
filamentary state due to the high sensitivity to boundaries [10-
14]. We examine the impact of external optical injection on 
these effects in the next section. 
3. STABILIZING EFFECT OF OPTICAL INJECTION 
It seems to be the most practically relevant to achieve the stable 
emission for as low injection strength as possible. For the 
external field that is not coherent with the laser under study, the 
injection must be strong enough to lock the laser. Therefore we 
restrict ourselves in the following to the case of coherent 
injection, that is 0 . For coherent injection its frequency 
should be equal to the laser emission frequency that is given by 
the mode pulling formula: 
1
12
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 cav . 
Thus we stay the complex dynamics observed outside the 
locking parameter region [43] out of the scope of this paper. We 
expect, however, the obtained results to stay valid for incoherent 
injection as well, but at larger values of injection strength. 
For proof-of-principle investigation we would neglect first the 
injection wavefront curvature thus considering it being close to 
plane within the pumped region. We report here that injected 
field can have a profound stabilizing effect for even relatively 
weak injection. To be more exact, we consider the case of such 
optical injection that the amplitude of the injected field is small 
compared to the amplitude of the intracavity laser field, i.e. 
EE inj  . The latter restriction corresponds to the laser cavity 
where injected field does not play a driving role in laser 
operation. It may seem to be more reasonable to compare the 
injection field amplitude to the laser output field, that is ET   
with T being the cavity output mirror transmissivity. However, 
the commonly encountered values of mirror transmissivity can 
vary over wide range, for which reason we will proceed in the 
following to be definite from the former criterion. 
 
We fix for definiteness the following parameter values 
identical to those previously used in [10]: 1  = 50 fs, 
1
||
  = 1 ns, 
1  = 2 ps, ωcav  = 2.5·1015 s-1, nph = 3.6, ngr = 4.2, d = 10 μm. Such 
parameters values are typical for relaxation times, optical 
coefficients and characteristic transverse scales in 
semiconductor lasers; that yields for the dimensionless 
parameters the following values: σ=0.025, γ=5·10-5 and a=6·10-4. 
Pumping level r0 and frequency detuning δ were considered to 
be the control parameters. 
Performed numerical simulations showed that increasing the 
injection value results in decrease of the transverse intensity 
modulation leading to the filamentary output pattern fading out. 
An example is shown in Fig. 2 for fixed parameter values r0=2, 
D=0.7, L=7, δ=0 and different values of the injection strength. 
Importantly, when exceeding some definite injection threshold 
the transverse modulation becomes completely suppressed and 
the highly-coherent nonfilamented output beam with top-hat 
profile is attained. Obtained flat-top beam shape naturally follows 
from the pumping profile and seems to be of particular 
importance since such beams are practically relevant for many 
applications.  
The stabilization threshold was found to sensitively depend on 
the pumping profile shape. Specifically, with smoothing the 
sharp edges of the pumping profile the threshold value decreases 
displaying reduced sensitivity to the boundaries effects. Obtained 
dependence is illustrated by Fig. 3, where the total threshold 
reduction by about a factor of five is found within the 
considered range of the edge slope parameter in Eq. (2). It is 
important to notice that, as can be seen from Fig. 2, increase of 
the injection strength gives rise to the increase of the transient 
processes damping. Namely, strong suppression of the intrinsic 
class-B relaxation oscillations is observed together with the 
disappearance of the spiking behavior in the early stages of the 
transient response. 
 
 
Fig. 2. Laser output dynamics for r0=2, δ=0, D=0.7, L=7; left 
column - intensity time series; right column - transverse 
intensity profile. |Einj|=0 (top line), 0.01 (middle line), 0.02 
(bottom line).  
 
Fig. 3. The dependence of the threshold injection amplitude on 
the pumping profile shape; L=7, r0=2, δ=0. 
We turn now to the more realistic case of the Gaussian shape 
of the injection beam: 
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where 0injE  is the injected field amplitude and 0w  is the beam 
waist. 
Fig. 4 shows the obtained dependence of the threshold 
injection strength on the waist of injection beam (3). As could be 
expected for the boundaries-induced instability, the stabilization 
injection threshold depends heavily on the injection beam 
amplitude near the pumping edges. This dependence appears to 
be especially strong when the beam waist is close to the width of 
the pumping region. With further increase of the injection beam 
waist the threshold injection strength rapidly decreases and 
tends to the limiting value corresponding to the plane injection 
wavefront. 
4. SUPPRESSION OF BULK INSTABILITIES 
Stabilization of boundaries-induced onset of filamentation found 
in the previous section can not, however, guarantee the 
nonfilamented output in real-world broad-area lasers since the 
bulk instability mechanisms independent of boundaries effects 
may come into play. In considered Maxwell-Bloch equations such 
inherent instabilities are especially well-pronounced in class-B 
case resulting in filamentary dynamics even in boundaries-free 
cavity [10]. The solitary class-B lasers exhibit the traveling-wave 
instability that emerges at nonzero, but even very small values 
of frequency detuning and initiates the filamentary behavior of 
the laser output. In real-world lasers the presence of the 
frequency detuning can be naturally conditioned by the thermal 
heating of the active medium.  Hence, it turns out to be crucial to 
study the influence of optical injection on this bulk transverse 
instability. 
The starting point for our analysis is the model (1), where we 
set aside now the shape of the pumping profile and consider it to 
be spatially uniform. Steady states stE  of the corresponding 
boundaries-free problem are given as: 
.
)(1
))(1(
1
22 



















st
st
stinj
E
irE
iEE  (4) 
For coherent injection equation (4) has the unique feasible 
solution above the lasing threshold. Stability analysis for this 
solution results in rather cumbersome characteristic equation 
and is given in the Appendix section. 
According to Eq. (A2) at a first approximation we obtain the 
following additional injection-induced term in the expression for 
the growth rate of the unstable branch of characteristic 
equation:  
 Fig. 4. The dependence of the threshold injection strength on the 
Gaussian injection beam waist; L=7, D=0.7, r0=2, δ=0. 
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The lattermost multiplier in Eq. (5) is positive as it follows 
from Eq. (4). Considering the practically relevant values for the 
frequency detuning δ are no more than about several tenths, the 
additive component )(qinj  (5) is negative for all values of the 
wavenumber q and tends to constant values as 0q  and 
q . Eq. (5) hence describes the downward translation of the 
whole dispersion curve that is parallel translation for small and 
large values of q and entails certain change in curve shape for the 
moderate values containing the unstable modes. As the 
dispersion curve displacement is proportional to the injection 
strength, the complete suppression of instability should take 
place as long as the injection exceeds a certain threshold.  
Numerical stability analysis confirmed aforesaid tendency for 
even larger injection strength. Importantly, an application of 
optical injection was found to result in downward translation of 
the whole dispersion curve leading to elimination of unstable 
field components for all the considered values of the control laser 
parameters δ, r. Fig. 5 shows an example of the dispersion 
curves containing unstable wavenumbers for the solitary laser 
and absolutely stable when laser is subject to coherent optical 
injection. Suppression of the bulk instability in this case has the 
threshold nature as well.  
 
Fig. 5. An example of the dispersion curves for different values 
of the injection strength; r0=2, δ=-0.1. 
Corresponding injection threshold values were obtained to be 
sufficiently less than those for boundaries-induced filamentary 
instability. Fig. 6 illustrates the dependence of the threshold 
injection amplitude on the control parameters. It is well seen 
that for moderate distances from the lasing threshold the weak 
injection condition is fulfilled by a wide margin. Obtained 
stability results mean the optical injection to stabilize the broad-
area laser output for both types of filamentary origin thus 
providing the nonfilamented output regardless of what 
instability mechanism is the prevailing one in each particular 
case.  
Stabilizing action of optical injection seems to be closely 
related to the suppression of inherent relaxation oscillations 
behavior. Indeed, Eq. (A1), when assuming q=0, allows to obtain 
explicitly the expressions for the transients damping rates in the 
class-B limit 1   (see Eq. (A4)): 
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Fig. 6. Threshold injection amplitude || injE  vs the pumping 
level r and the frequency detuning δ; lower solid curve describes 
the lasing threshold; single-color gray area on the left side of the 
figure above the threshold corresponds to the stability region.   
Parameter ΓRO (6) having nonzero value in the absence of 
injection corresponds to the conventional damping rate of the 
relaxation oscillations. ΓADD (7) gives additional damping rate 
which appearance is related to the breaking of the phase 
invariance in optically-injected case. With practically relevant 
values for frequency detuning δ not exceeding several tenths, 
both damping rates monotonically increase with the increase of 
injection amplitude.  This dependence is illustrated in Fig. 7. The 
actual damping of the transient processes is governed by the 
lowest of both damping rates. For small detuning values 
additional damping rate ΓADD increases approximately twice as 
rapidly with injection as ΓRO, that is why their relative 
contributions to the actual transient response vary with the 
injection strength. 
 
Fig. 7. Damping rates for the transient processes against the 
injection amplitude; r0=2, δ=-0.1. 
Obtained dependence shows that the relaxation oscillations 
may be strongly suppressed in a laser submitted to optical 
injection. Since the relaxation oscillations are the key property of 
class-B lasers and play a decisive role in their dynamics, it seems 
to be happening that external injection modifies the overall 
laser dynamical features. We thus tend to think the obtained 
stabilization of inherent class-B laser transverse instabilities to 
originate from the forced suppression of the intrinsic relaxation 
oscillations dynamics.  
5. CONCLUSIONS 
We theoretically demonstrated that optical injection can enable 
efficient stabilization of intrinsic transverse instabilities in class-
B broad-area lasers. Based on Maxwell-Bloch equations, we 
considered in detail the influence of injected emission on the 
main instability mechanisms, namely associated with the effect 
of the pumping region boundaries and with the bulk 
nonlinearities of the active medium. 
The boundaries-induced onset of filamentary dynamics was 
found to be suppressed in the presence of injected signal. As the 
result, the highly-coherent beam with flat-top profile and high 
beam quality was obtained at the laser output. Notably, this 
effect appears to be of threshold nature, so that the laser exhibits 
some irregular transverse intensity modulation diminishing with 
the increase of injection strength and vanishing at the threshold 
injection value. Revealed stabilization turns out to be sufficiently 
sensitive to the pump profiling with increasingly enhanced 
efficiency as long as the profile shape becomes more smoothed. 
Similar effect was found for the onset of the traveling-wave 
instability related to the bulk medium nonlinearities. We 
demonstrated that injection efficiently suppresses the unstable 
field components thus allowing for the stable output beam 
regardless of boundaries influence. The stabilization of bulk 
instability shows better results compared to the boundaries-
controlled case. Specifically, for low or moderate distances from 
the lasing threshold the injection amplitude required for the 
complete instability suppression proves to be strongly reduced. 
Besides the transverse instabilities, optically-injected laser 
exhibits improved time-domain performance arising from the 
stronger damped transient response. Therefore we attribute the 
revealed laser output stabilization to the injection-induced 
suppression of inherent relaxation oscillations behavior.  
Appendix 
The characteristic equation for the stability analysis of an 
optically-injected laser can be represented in the form: 
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where coefficients with "0" subscript correspond to the free-
running laser in the absence of injection:  
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and coefficients with subscript "inj" are related to injection: 
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To obtain the analytical expressions for the parameters of 
unstable modes, we will follow the small-parameter expansion 
procedure proposed in [10]. Since considering the class-B laser 
limit, we assume the rescaled cavity decay rate σ as the order of 
magnitude for the small parameter ε, that is  ~ . For class-B 
case we take for the normalized inversion relaxation rate 3~  . 
Parameters δ, r-1 are supposed to take on arbitrary values, but 
we limit their product to be    ~1 2 rIst  due to its 
nonmonotonic dependence on δ. We also take for the 
characteristic parameters of the unstable modes the next 
estimates [10]: for the unstable wavenumbers 22 ~ unstaq  and 
for the unknown characteristic roots  i  we assume  
3~  , 2~  . 
It can be then obtained from Eq. (A1) that for injection 
strength above the second order of ε, all terms with injection 
will be omitted in characteristic equation (A1). That is why we 
suppose the following estimate for the injection amplitude: 
2~ injE . 
With allowance for these assumptions and splitting real and 
imaginary parts in (A1), we get the expressions for the unstable 
branch of the dispersion curve at the lowest order of magnitude: 
,2,1  i  
where the imaginary part of the characteristic roots is:  
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and the growth rate of the perturbation components: 
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 (A2) 
By taking 0  we obtain for another characteristic root 
that appears to be purely real: 
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Eqs. (A2), (A3) allow to get the expressions for the damping 
rates of the transient processes upon setting 0q : 
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.   (A4) 
Expressions (A4) are represented as the expansions with 
respect to the injection strength injE . It is thus seen that the 
first one corresponds to the usual damping rate of relaxation 
oscillations in the absence of injection and is therefore labeled as 
RO . Another additional damping rate ADD  equals zero without 
injection and is related to the phase invariance of the system. 
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